Introduction {#s1}
============

Fear can be both adaptive and maladaptive (Bracha, [@B5]). While adaptive fears helps protect against injury or death, maladaptive fears often result in anxiety-related and trauma-related disorders, such as post-traumatic stress disorder (PTSD; Bracha, [@B5]).

In a laboratory setting, fear is often studied through Pavlovian fear conditioning, in which a neutral conditioned stimulus (CS), such as a context or a tone, is paired with an aversive unconditioned stimulus (US), such as a footshock (Maren, [@B21]; Milad et al., [@B26]; Orsini and Maren, [@B29]). Following paired presentations of the CS and US, the previously neutral CS alone is enough to produce a fear response, often quantified as freezing, or inactivity of the animal except for that required for respiration. Freezing to a CS can be subsequently reduced through Pavlovian fear extinction, in which the CS is presented multiple times in the absence of the US. It is generally accepted that the extinction of conditioned fear represents the learning of a new association and not the erasure of the original fear memory (Rescorla and Heth, [@B32]; Bouton and King, [@B4]; Rescorla, [@B33]). Under normal conditions, fear extinction learning is viewed as adaptive (Milad et al., [@B26]; Rauch et al., [@B31]). Conversely, deficits in fear extinction are considered to be maladaptive and may be related to anxiety-related and trauma-related disorders (Milad et al., [@B26]; Rauch et al., [@B31]).

In an attempt to identify genetic components that may modulate maladaptive fear learning and anxiety-related disorders, previous studies have compared various inbred mouse lines for abnormalities in Pavlovian fear conditioning and extinction (Trullas and Skolnick, [@B41]; Crawley et al., [@B10]; Bolivar et al., [@B2]; Holmes et al., [@B14]; Balogh and Wehner, [@B1]; Bothe et al., [@B3]; Hefner et al., [@B12]; Camp et al., [@B7]; Wilkinson et al., [@B44]). In these studies, the C57B6 strain is considered to exhibit "normal" fear learning and extinction. Studies examining the 129 inbred strain have found that the 129S1 substrain acquires and consolidates fear memories (Bolivar et al., [@B2]; Hefner et al., [@B12]), but is unable to extinguish fear of a previously trained CS when compared to the C57B6 inbred strain (Hefner et al., [@B12]). Further studies of the 129S1 substrain found that, once conditioned to fear a context, 129S1 mice over-generalized their fear to non-conditioned contexts relative to C57B6 mice (Camp et al., [@B6]). Based on these studies, genetic comparison of 129S1 and C57B6, using techniques such as DNA microarrays could result in a list of genes that mediate maladaptive fear. However, significant genetic diversity between the 129S1 and C57B6 inbred strains make the identification of these genes difficult. If differences in maladaptive fear could be found between two more genetically similar substrains, such as 129S1 and 129S6 mice (Simpson et al., [@B36]), the selection of candidate genes contributing to the 129S1 phenotype could be significantly facilitated. While a previous study has demonstrated that additional 129 substrains exhibit similar deficits in extinction (Camp et al., [@B7]), little else is known about the behavior and neurobiological differences between 129 substrains. In particular, it remains unknown whether the commonly used 129S6 substrain exhibits similar maladaptive fear. Based on the development of the 129 lineages and substrains, the genetic variation between the 129S1 and 129S6 should be significantly reduced compared to C57B6 and other inbred mouse strains (Simpson et al., [@B36]; Threadgill et al., [@B39]).

To determine whether 129S6 mice exhibit maladaptive fear, we fear conditioned 129S6 mice to a context or tone and compared their levels of fear consolidation, fear extinction, and fear generalization to C57B6 mice. In addition, we directly compared 129S1 and 129S6 in context discrimination and generalization.

The results from these studies suggest that the 129S6 and 129S1 substrains share some aspects of maladaptive fear and not others. While the 129S6 substrain conditions to fear normally, mice in this substrain are unable to extinguish this conditioned fear, similar to the previous published 129S1 mice. However, the 129S6 did not exhibit aberrant fear generalization or context discrimination while 129S1 mice do, illustrating key differences in maladaptive fear between the two strains. Based on these studies, we conclude that deficits in fear extinction and fear generalization/discrimination likely represent independent forms of maladaptive fear. In this way, further comparison of 129S1 and 129S6 mice may help shed light on the genetic underpinnings of these psychiatric disease states. Additionally, this divergence in forms of maladaptive fear may be important for understanding the development and maintenance of trauma and anxiety-related disorders.

Materials and methods {#s2}
=====================

Mice {#s2-1}
----

All mice were either obtained from their respective vendors or bred within our colony using naïve mice from the same vendors. The 129SvEvS6/Tac and C57BL/6NTac mice were obtained from Taconic Farms (Hudson, NY) and 129S1/SvImJ mice were obtained from Jackson Laboratories (Bar Harbor ME) and are referred to hereafter as 129S6, C57B6, and 129S1, respectively.

Studies were conducted using mice aged 3--6 months at the time of testing with approximately equal numbers of males and females. All mice were housed by sex in groups of 2--5. Mice were maintained in micro-isolation cages with a 14-h/10-h light/dark cycle for a minimum of 1 week prior to behavioral studies. The average ambient temperature was 22°C and mice were provided with ad libitum food and water. All experiments were conducted according to the National Institute of Health guidelines for animal care and were approved by the University Committee on the Use and Care of Animals of the University of Michigan.

Behavioral procedures {#s2-2}
---------------------

### Conditioning apparatus and contexts {#s2-2-1}

All experiments were conducted in fear conditioning chambers with clear acrylic backs and doors, aluminum sides, stainless steel grid floors spaced 1/8 inches, and stainless steel drop pans (Med Associates). Shocks were administered through the grid via solid-state shock scramblers and electronic constant-current shock sources controlled by a desktop PC running Actimetrics Freezeframe software (Wilmette, IL). The same computer and software were used to record behavior which was digitized using individual cameras mounted above each chamber. Individual chamber details and room lighting were altered to create three experimental contexts termed "same, A", "similar, B", and "different, C". Context A was created using the basic conditioning chamber described above and white room lights set at 150 watts. Chambers and floor pans were cleaned with 70% ethanol to provide a distinct background odor. Context B was identical to context A with the addition of rubber speckled floor coverings over smooth acrylic coverings to hide grid floors. Context C included smooth opaque white acrylic coverings over the floor and walls which produced the appearance of a semicircular chamber. The chamber and floor pans in context C were cleaned with 2% acetic acid and red room lights at 60 watts were used. For experimental sessions using contexts A or B, mice were transferred to a holding room prior to the beginning of the session. For context C, mice were transferred directly from their housing room to the experimental set-up at the start of the session. In all contexts, freezing was defined as a lack of motion, except that required for respiration, for 1 s or more and was calculated using a sensitive global motion-detection algorithm (FreezeFrame and FreezeView software; Actimetrics; Wilmette, IL).

### Protocols {#s2-2-2}

#### Context protocols {#s2-2-2-1}

During context conditioning, mice were trained for 3 days using one training session per day. Throughout training, mice were placed in context A in individual conditioning chambers. Each training session was composed of 3 min of baseline activity in context A followed by three unsignaled foot-shocks (2 s) with 30 s postshock intervals. Mice remained in the conditioning chamber for 30 s following the last footshock. Based on previous literature (Smith et al., [@B37]; Matynia et al., [@B22]) and our prior work, strain specific shock intensities were used (0.5 mA for 129S1 and 129S6 mice and 0.75 mA for C57B6 mice) to elicit similar levels of freezing while preventing over/undertraining. After training, mice were tested in one of three contexts: same, A; similar, B; and different, C. All context tests consisted of 5 min of context exposure.

For experiments that examined context extinction, mice were counterbalanced for their test context and subsequently divided into two groups: extinction and no extinction. Twenty-four hours after testing, mice in the extinction group were extinguished to context A using 60 min of context exposure divided evenly across 2 days. Mice in the no extinction group remained in their home-cage as a retention control group. Twenty-four hours after extinction, both extinction and no extinction mice were tested for their fear in context A using 5 min of context exposure.

During context discrimination, mice were trained to discriminate through exposure to both context A and context B each day for 9 days, separated by a minimum of 6 h. The order of exposure to contexts A and B was alternated each day. In context A, mice were trained each day using 3 min of context exposure followed by one unsignaled footshock for 2 s at a strain specific intensity (129S1 and 129S6 at 0.5 mA and C57B6 at 0.75 mA). Mice were removed from the conditioning chambers 30 s after the footshock. In context B, mice received context exposure for 3 min and 32 s, comparable to the time spent in context A with no unsignaled footshock. Mice were tested for their fear to contexts A and B on day 10 using 3 min and 30 s exposure to each context in the absence of a footshock. Roughly 24 h later, mice were tested in the different context, context C, using 5 min of context exposure to test for increases in basal anxiety.

#### Tone protocols {#s2-2-2-2}

Mice were fear conditioned to a tone in context A using three training sessions, one per day for 3 days. During training, mice were exposed to context A for 3 min followed by three tone-shock presentations in which a 30 s tone (75 dB, 2.8 kHz) co-terminated with a 2 s footshock, with 30 s between tones. Mice remained in the conditioning chamber for 30 s following the last tone-shock pairing. Mouse strains 129S6 and 129S1 received footshocks at 0.5 mA and strain C57B6 at 0.75 mA. Seventy-two hours later, mice were tested to their fear of the tone in context C using 1 min context exposure followed by three 30 s tone-alone presentations spaced 30 s apart. Mice were removed from the chambers 30 s after the last tone presentation. For tone extinction experiments, mice were divided into two groups following training: extinction and no extinction. Twenty-four hours after training, mice in the extinction group received 2 days of extinction training in context B with each day consisting of 2 min of context exposure followed by 30 30-s tone-alone presentations spaced 30 s apart. Mice were removed from the conditioning chambers 30 s after the last tone presentation. In lieu of extinction, mice in the no extinction group were placed in context C for 32 min per day for 2 days with no tone presentations. Twenty-four hours after extinction training, no extinction and extinction mice were tested for their fear of the tone using the testing protocol described above. To study acquisition of fear to the tone, fear of the tone in the no extinction group during testing was observed.

Results {#s3}
=======

Similar acquisition and consolidation of fear memories in the 129S6 and C57B6 strains {#s3-1}
-------------------------------------------------------------------------------------

To assess whether 129S6 mice showed deficits in fear acquisition and/or consolidation, 129S6 mice were compared to the commonly used C57B6 mice using Pavlovian fear conditioning to a context and tone.

Mice were fear conditioned to a context using 3 min of context exposure followed by 3 unsignaled footshocks per day for 3 days (Figure [1A](#F1){ref-type="fig"}). Acquisition of fear across training days was analyzed as the average percent freezing over the first 3 min of context exposure for each day (Figure [1B](#F1){ref-type="fig"}). Analysis of fear acquisition across training days using a repeated measures ANOVA showed a significant effect of training (*F*~(2,\ 26)~ = 103.19, *p* \< 0.0001), but no significant difference between 129S6 and C57B6 strains (*F*~(1,\ 13)~ = 0.008, *p* = 0.9321). Twenty-four hours after fear conditioning, mice were tested for fear to the trained context using 5 min of context exposure (Figure [1C](#F1){ref-type="fig"}). Analysis of context testing using an unpaired *t*-test showed no significant difference in percent time freezing between strains (*p* = 0.966) with 129S6 and C57B6 mice freezing at an average of 80% and 75% respectively. A separate group of mice were fear conditioned to a tone using 3 min of context exposure followed by three tone-shock pairings per day for 3 days (Figure [1D](#F1){ref-type="fig"}). Average freezing to the tone was calculated per day. Analysis of fear acquisition across tone training days using a repeated measures ANOVA showed no significant difference between strains (*F*~(1,\ 6)~ = 0.167, *p* = 0.689) but a significant effect of training (*F*~(2,12)~ = 119.35, *p* \< 0.001) (Figure [1E](#F1){ref-type="fig"}). Seventy-two hours later mice were tested for their fear to a tone in a different context using five tone-alone presentations (Figure [1F](#F1){ref-type="fig"}). During testing, there was no significant difference between strains (*p* = 0.6512) with 129S6 mice showing an average freezing level of 69% compared with 75% in C57B6 mice. These results demonstrate that the 129S6 mice exhibit normal, and adaptive, fear learning to a context and tone.

![**Inbred mouse strains, 129S6 and C57B6, have comparable levels of fear acquisition and consolidation**. **(A)** Schematic representation of context fear conditioning. Mice were trained to a context or tone using 3 unsignaled footshocks or 3 tone-shock pairings per day for 3 days. Acquisition of fear across training is represented as the average percent freezing to the context or tone prior to shock for each day. Mice were tested 24 h later. **(B)** The 129S6 mice (*n* = 7) showed a significant increase in freezing across context training days comparable to that seen in C57B6 mice (*n* = 8). **(C)** During testing, both 129S6 and C57B6 mice show high levels of freezing to the context, not significantly different from each other. **(D)** Schematic represention of tone fear conditioning. **(E,F)** Similar results were obtained when 129S6 and C57B6 mice (*n* = 4 and 4 respectively) were conditioned to a tone and tested 72 h later. Data are presented as mean ± SEM. \* *p* \< 0.05.](fnbeh-08-00282-g0001){#F1}

Mouse strain 129S6 shows significant deficits in cued and contextual fear extinction compared to C57B6 mice {#s3-2}
-----------------------------------------------------------------------------------------------------------

Our results demonstrate that the 129S6 strain exhibit normal acquisition and consolidation compared to C57B6, which is similar to results obtained with the 129S1 strain (Hefner et al., [@B12]). To determine whether 129S6 mice have deficits in fear extinction, 129S6 and C57B6 mice were conditioned to a context or a tone then extinguished by repeated CS exposures. Mice were first fear conditioned to a context using 3 min of context exposure followed by 3 unsignaled footshocks per day for 3 days, same as the context fear conditioning described above. Twenty-four hours later, mice were tested for fear generalization (see below and Figure [3A](#F3){ref-type="fig"}). The following day mice were counter balanced and divided into extinction and no extinction groups. Mice in the extinction group received 30 min of context exposure per day for 2 days while mice in the no extinction group remained in their home cage (Figure [2A](#F2){ref-type="fig"}).

![**Inbred mouse strain 129S6 shows deficits in context and tone extinction**. **(A)** Schematic representation of context extinction. Mice were trained to a context or tone using 3 tone-shock or unsignaled footshock presentations per day for 3 days. Subsequently, mice were split into extinction and no extinction groups. Mice that were trained to a context were extinguished to the training context using 60 min of context exposure split across 2 days. Mice that were trained to fear a tone were extinguished with 60 tone-alone presentations split across 2 days. Extinction data is binned in groups of 5 min or 5 tones with bins 1--6 representing day 1 of extinction and bins 7--12 representing day 2. Twenty four hours later all mice (both the extinction and no extinction groups) were exposed to the training context or the training tone in a novel context. **(B)** During context extinction, 129S6 showed high levels of freezing within extinction days 1 and 2 compared to C57B6 mice. **(C)** During testing, C57B6 mice in the extinction group (*n* = 16) showed significantly less freezing than the no extinction controls (*n* = 8), while 129S6 mice exhibited similar levels of freezing across both groups (*n* = 13 and 7 for the extinction and no extinction groups, respectively). **(D)** Schematic representation of tone extinction. **(E,F)** Similar results were observed when C57B6 mice (*n* = 7 and *n* = 8; extinction and no extinction groups, respectively) and 129S6 mice (*n* = 8 and *n* = 9; extinction and no extinction groups, respectively) were extinguished and tested with a tone. Data are represented as mean ± SEM. \* *p* \< 0.05.](fnbeh-08-00282-g0002){#F2}

![**Inbred mouse Strain 129S6, but not 129S1, has normal context generalization**. **(A)** Schematic representation of experiment. Mice were trained to a context using 3 unsignaled footshock presentations per day for 3 days. During generalization testing, mice were tested for fear in either the same training context, a similar context, or a different context. Data are represented as the average percent freezing in each context. **(B)** When tested, both 129S6 and C57B6 mice displayed high levels of freezing in the same context (C57B6 *n* = 8, 129S6 *n* = 7), intermediate levels of freezing in the similar context (C57B6 *n* = 8, 129S6 *n* = 6), and low levels of freezing in the different context (C57B6 *n* = 8, 129S6 *n* = 7). **(C)** In a separate experiment, fear generalization in the 129S6 and 129S1 substrains were compared. Consistent with previous reports, the 129S1 mice exhibited similar levels of freezing regardless of the context (same, *n* = 8; similar, *n* = 8; different, *n* = 8). In contrast, and consistent with our previous experiment, the 129S6 exhibited graded levels of freezing in the three contexts (same, *n* = 8; similar, *n* = 8; different, *n* = 8). Data are represented as mean ± SEM. \* *p* \< 0.05.](fnbeh-08-00282-g0003){#F3}

To assess fear extinction learning between strains, freezing responses to the trained context were analyzed in 5 min time bins with bins 1--6 representing extinction day 1 and bins 7--12 representing extinction day 2 (Figure [2B](#F2){ref-type="fig"}). Within session fear extinction was analyzed using a repeated measures ANOVA which revealed a significant effect of extinction training in 129S6 mice on day 1 (*F*~(5,\ 50)~ = 4.037, *p* = 0.0032), but not on extinction day 2 (*F*~(5,\ 50)~ = 1.871, *p* = 0.1129). In comparison, analysis of within session fear extinction in C57B6 mice revealed a significant effect of extinction training on extinction day 1 (*F*~(5,\ 60)~ = 24.970, *p* \< 0.0001) and extinction day 2 (*F*~(5,\ 60)~ = 7.334, *p* \< 0.0001). Additionally, analysis of within session extinction using a repeated measures ANOVA also revealed a significant effect of strain on both extinction day 1 (*F*~(1,\ 27)~ = 7.334, *p* = 0.0116) and day 2 (*F*~(1,\ 27)~ = 25.907, *p* \< 0.0001). Twenty-four hours after extinction, all mice were tested for their fear to the trained context. Analysis of context freezing using a two-way ANOVA followed by *post hoc* analysis with a planned unpaired *t*-test found a significant effect of extinction training (*F*~(1,42)~ = 18.772, *p* \< 0.0001), which was significant in C57B6 mice (*p* \< 0.0001), but not 129S6 mice (*p* = 0.0991) (Figure [2C](#F2){ref-type="fig"}).

To determine whether 129S6 mice exhibit deficits in tone fear extinction, mice were trained to a tone using three tone shock pairings per day for 3 days, as described above. Twenty-four hours later, mice were split into extinction and no extinction groups (Figure [2D](#F2){ref-type="fig"}). Mice in the extinction group were extinguished in a novel context, Context C, using 30 tone alone presentations per day for 2 days. Mice in the no extinction group were placed in the novel context, without tone presentations, for an equivalent length of time. Extinction training was plotted similarly to context extinction with bins of five tones and bins 1--6 representing extinction day 1 and 7--12 representing extinction day 2 (Figure [2E](#F2){ref-type="fig"}). Analysis of within-session fear extinction using repeated measures ANOVA revealed a no significant effect of extinction training in 129S6 mice on extinction day 1 (*F*~(5,25)~ = 0.704, *p* = 0.6239) or extinction day 2 (*F*~(5,25)~ = 0.866, *p* = 0.5138). In comparison, analysis of within-session extinction in C57B6 mice found a significant effect of extinction training on both extinction day 1 (*F*~(5,20)~ = 11.284, *p* \< 0.0001) and extinction day 2 (*F*~(5,20)~ = 3.734, *p* \< 0.0001). Analysis of within-session fear extinction between strains using a repeated measures ANOVA revealed a significant effect of strain on extinction day 1 (*F*~(1,\ 30)~ = 37.894, *p* \< 0.0001) and day 2 (*F*~(1,\ 30)~ = 7.761, *p* = 0.0092). Twenty-four hours later mice were tested for their fear to the trained tone (Figure [2F](#F2){ref-type="fig"}). Analysis of tone testing using a two-way ANOVA found a significant effect of extinction training (*F*~(1,\ 30)~ = 10.580, *p* = 0.0030). Further analysis using a planned unpaired *t*-test revealed that the effect of extinction was limited to the C57B6 mice (*p* = 0.0064) with no significant difference between the extinction and no extinction groups in the 129S6 mice (*p* = 0.2221). This data indicates that, like 129S1 mice, 129S6 mice have significant deficits in fear extinction to a context as well as a tone. This is consistent with the previously published data suggesting extinction deficits in various genetically similar 129 strains (Hefner et al., [@B12]; Camp et al., [@B7]).

Mouse strain 129S6 shows comparable/normal levels of fear generalization as C57B6 mice {#s3-3}
--------------------------------------------------------------------------------------

Based on the similarities in fear conditioning and extinction phenotypes between 129S1 and 129S6, we hypothesized that 129S6 mice would also show an overgeneralization of fear from a trained context to a novel and similar context, as previously seen in 129S1 mice (Camp et al., [@B6]). To test for fear generalization, mice that were trained to context "A", using the context training protocol described above were tested for generalization of fear to an untrained context. Twenty-four hours after training, animals were tested for their fear to either the trained context A, a similar context B, or a completely different context C (Figure [3A](#F3){ref-type="fig"}). See Section "Materials and Methods" for further details pertaining to the similarities and differences between contexts. In mice considered to generalize normally, context B should produce some level of generalized fear due to its similarities to context A, but this fear, represented as percent time freezing, would be expected to be significantly lower than that seen in the trained context. Due to the substantially different nature of context C, mice considered to generalize normally should show significantly lower levels of freezing compared to that seen in the trained context, and in many cases, significantly lower levels of freezing than that seen to the similar context. Fear was analyzed as an average percent freezing in each context and compared using a two-way ANOVA with strain and context as factors. Analysis of context generalization showed no interaction between strain and context (*F*~(1,\ 43)~ = 0.075, *p* = 0.7855), but a significant effect of context (*F*~(2,\ 86)~ = 22.444, *p* \< 0.0001). Using an unpaired *t*-test between contexts it was found that both C57B6 and 129S6 froze significantly more in the same context, at 80% in 129S6 mice and 75% in C57B6 mice, than in either the similar context (129S6:*p* = 0.0481, C57B6:*p* = 0.0271) or different context (129S6:*p* = 0.0027, C57B6:*p* \< 0.0001). Furthermore, both C57B6 and 129S6 froze at a significantly higher level in the similar context, at 58% in 129S6 mice and 57% in C57B6 mice, than the different context (129S6:*p* = 0.0156, C57B6:*p* = 0.0106). Both 129S6 and C57B6 mice also showed low levels of freezing in the different context at 28% and 33% respectively (Figure [3B](#F3){ref-type="fig"}). This data indicates that 129S6 mice show similar levels of fear generalization as C57B6 mice, suggesting normal levels of fear generalization. While these data clearly suggest normal levels of fear acquisition in 129S6 mice, this does not match previously published data showing a strong overgeneralization phenotype in the genetically similar 129S1 substrain (Camp et al., [@B6]).

To better understand the potential differences in 129S6 and 129S1 mice in fear generalization and to rule out a difference in generalization parameters between current and previously reported studies in the mouse phenotypes observed, 129S1 mice were compared to 129S6 mice in the fear generalization protocol previously described. Analysis of fear generalization between 129S1 and 129S6 mice using a two-way ANOVA showed a significant interaction of strain and context (*F*~(2,\ 170)~ = 8.404, *p* = 0.0003) as well as context (*F*~(2,\ 170)~ = 23.580, *p* \< 0.0001; Figure [3C](#F3){ref-type="fig"}). *Post hoc* analysis using planned unpaired *t*-tests showed significantly higher levels of freezing of 129S6 mice in the same context at 79% compared with the similar context at 53% (*p* = 0.015) and different context at 36% (*p* \< 0.001). Conversely, there was no significant difference between 129S1 freezing in the same context at 63% compared to the similar (*p* = 0.173) and different (*p* = 0.842) contexts. Taken together, these results support a strong fear overgeneralization phenotype in 129S1 mice which is absent in 129S6 mice, despite the similarities between these two substrains in persistent/extinction-resistant fear.

Unlike 129S1 mice, 129S6 can be trained to discriminate between similar contexts {#s3-4}
--------------------------------------------------------------------------------

Our results demonstrate that unlike the 129S1 substrain, the 129S6 mice exhibit an intact generalization of fear gradient. We hypothesized that the differences in 129S6 and 129S1 substrain fear generalization might be due to an increase in anxiety-like behavior in the 129S1 strain. To further investigate the putative substrain differences and to better understand whether the overgeneralization in 129S1 mice represents an inability to cognitively discriminate between two similar contexts or an overall increase in anxiety-related behavior independent of context, we subjected both substrains to a context discrimination paradigm. During context discrimination training, mice were exposed to two contexts, contexts A and B, each day for 10 days. In context A, mice received 3 min of context exposure followed by one unsignaled footshock and were then removed 30 s later. In context B, mice did not receive a footshock and were instead allowed an equivalent period of time (3.5 min) of context exposure and removed from the chamber. The order in which mice received contexts A and B was alternated each day to control for order and time of day effects (Figure [4A](#F4){ref-type="fig"}). On day 10, discrimination test, mice were placed back in contexts A and B in the absence of a footshock. Twenty-four hours after training, mice were placed in a novel context, context C. Fear learning to each context was analyzed throughout training by comparing the percent freezing in the first 3 min of exposure to each context per day across days. Analysis using a repeated measures ANOVA revealed a significant effect of training day in context A (*F*~(4,\ 120)~ = 87.133, *p* \< 0.0001) and no significant difference between strains (*F*~(1,\ 30)~ = 0.8795, *p* = 0.6194) (data not shown). Discrimination ratios were calculated for each day of training as the percent freezing in context A divided by the sum of freezing in contexts A and B. A discrimination ratio of 0.5 represents a lack of context discrimination. To control for the effect of time of day on freezing to each context, discrimination ratios are represented as an average of 2 days (Figure [4B](#F4){ref-type="fig"}). When compared to chance (a discrimination ratio of 0.5) 129S6 mice were able to discriminate between the two similar contexts by the fifth/sixth day of training (*p* = 0.0079), whereas the discrimination ratio for mice in the 129S1 strain never exceeded chance (*p* = 0.2344 on days 9/10) (Figure [4B](#F4){ref-type="fig"}). These data, similar to the generalization data presented above, suggest that 129S1 mice may be prone to overgeneralization of fear in context B. Both 129S6 and 129S1 mice show an average freezing level of over 60% in context A with no significant difference between the strains during discrimination testing (Figure [4C](#F4){ref-type="fig"}). However, while 129S6 mice showed a significantly lower level of freezing in context B, compared to context A (*p* = 0.0377), 129S1 mice showed high levels of freezing in context B that was indistinguishable from that seen in context A (*p* = 0.5192) and significantly higher than 129S6 mice (*p* = 0.026). If the inability to actively discriminate between context A and context B in the 129S1 strain is due to an enhanced anxiety state, one would predict that the 129S1 mice would exhibit high levels of freezing in a novel context compared to 129S6. However, when mice were exposed to a novel context (context C) both 129S1 and 129S6 mice exhibited similarly low levels of freezing (*p* = 0.5864). This data suggests that 129S1 mice, unlike 129S6 mice, overgeneralize their fear of a trained context to a similar context and that this generalization is likely due to an inability to discriminate between the two contexts vs. an increase in anxiety-like behavior due to fear conditioning.

![**Inbred mouse strain 129S1, but not 129S6, fail to context discriminate independent of an increase in basal anxiety**. **(A)** Mice were trained to context discriminate using a daily exposure to context A and context B in which only the exposure to context A was paired with a single unsignaled footshock on days 1 through 9. On day 10 mice were returned to context A and context B and the shock was omitted. Mice were tested for fear to a different context (context C) 1 day later. **(B)** Context Discrimination across training days is represented as a discrimination ratio of freezing in context A divided by freezing in context B with 0.5 representing no discrimination (dotted line). Ratios are averaged every 2 days to counterbalance for order of context exposure. During context discrimination training, 129S6 mice show significant context discrimination on day 5--10, while 129S1 mice failed to exhibit significant context discrimination. \* *p* \< 0.05 compared to chance (0.5 ratio; dotted line). **(C)** On day 10, exposure to context A produced similar levels of freezing in both 129S6 and 129S1 substrains. However, in context B, 129S1 mice exhibited significantly more freezing compared to 129S6 mice. Conversely, both substrains exhibited similarly low levels of freezing when exposed to a novel context (context C). Data are presented as mean ± SEM; \* *p* \< 0.05 *n* = 16 for 129S1 and 129S6.](fnbeh-08-00282-g0004){#F4}

Discussion {#s4}
==========

Through a series of fear related studies, we were able to segregate different forms of maladaptive fear in two genetically similar substrains of inbred mice. While 129S6 mice show strong deficits in fear extinction, similar to the previous published 129S1 mice; 129S1, but not 129S6 mice, show substantial fear over generalization and a lack of context discrimination.

Our studies found that 129S6 mice exhibit severe deficits in fear extinction in spite of normal learning and consolidation of fear memories. While 129S6 and C57B6 mice froze at comparable levels throughout training and at the start of extinction training, 129S6 mice continued to freeze at high levels throughout the extinction training sessions. In addition, unlike the C57B6 mice, the 129S6 mice maintained high levels of freezing when tested on subsequent test days, exhibiting similar levels of freezing to mice in the no extinction group. These findings are consistent with previous experiments that have described similar deficits in other 129 substrains (Hefner et al., [@B12]; Camp et al., [@B7]).

Despite 129S6 mice exhibiting clear aberrant fear processing in terms of extinction learning, data from our experiments demonstrates normal levels of fear generalization in the 129S6 substrain. Both 129S6 and C57B6 mice showed high levels of fear to the trained context, illustrating normal fear learning, and significantly lower levels of fear to both a similar and completely novel context, suggesting a normal generalization of fear gradiant. However, when we directly compared the 129S6 and 129S1 substrains, 129S1 mice exhibited overgeneralization of fear with high levels of freezing in both the trained and similar, as well as in the completely novel context. These data suggest an inability of 129S1 mice to distinguish between the contexts or an enhanced state of anxiety induced by fear conditioning. However, our studies comparing context discrimination between the 129S1 and 129S6 mice found a lack of discrimination in the 129S1 mice which was independent from an increase in overall anxiety. While 129S6 mice exhibited significantly higher levels of fear to the trained context vs. the similar context, illustrated by a discrimination ratio of \>0.5, 129S1 mice showed a similar fear response in both contexts resulting in a discrimination ratio of roughly 0.5. However, 129S1 and 129S6 exhibited similarly low levels of freezing to a completely different context. Taken together with the fear generalization data, this deficit in context discrimination suggests that the differences in 129S1 mice regarding overgeneralization is likely due to an inability to cognitively separate the two contexts. While unexpected, these discrepancies between two genetically similar substrains suggests clear differences in the mechanisms underlying fear overgeneralization and persistent fears that may be tied to the subtle differences in genotypes.

In recent years a great deal has been uncovered regarding the neurobiology that underlies fear learning and extinction (Myers and Davis, [@B27]; Milad and Quirk, [@B24]; Orsini and Maren, [@B29]). Previous studies have linked deficits in fear extinction to a context or cue to various brain structures including the hippocampus (Corcoran et al., [@B9]), prefrontal cortex (PFC; Milad and Quirk, [@B25]), and amygdala (Likhtik et al., [@B19]). In addition a number of cellular changes have been implicated, including presynaptic changes (Stork et al., [@B38]; Tsvetkov et al., [@B42]) and alterations in protein synthesis (Hernandez and Abel, [@B13]). While the mechanism underlying the extinction deficits in 129S6 substrain has yet to be determined, previous reports comparing 129S1 mice and C57B6 mice have found altered neuronal activity in the infralimbic cortex of the PFC, basolateral amygdala, and the central amygdala in 129S1 mice associated with fear extinction (Hefner et al., [@B12]). These changes in neuronal activity were measured as alterations in the expression of immediate early genes (IEG) c-Fos and Zif268 and implicate the PFC and amygdala function in the extinction deficits seen in 129S1 mice, and perhaps other 129 substrains, such as 129S6. These results were further supported by studies suggesting that a zinc restricted diet improved fear extinction learning in 129S1 mice and normalized the expression of IEGs in the amygdala and PFC compared to C57B6 mice (Whittle et al., [@B43]). While it is possible that these changes in neuronal activity in the PFC and amygdala in129S1 mice may also be responsible for the generalization and context discrimination deficits described in this substrain, the presence of extinction deficits, but not overgeneralization in the 129S6 substrain suggests a disassociation between these two forms of maladaptive fear.

In this case, deficits in the cognitive ability to learn and distinguish two contexts likely involves structures known to be involved in memory formation. In particular, the ability to encode fine details regarding a pattern or context and distinguish this information from other patterns or contexts has been linked to the dentate gyrus of the hippocampal formation (Gilbert et al., [@B11]; Leutgeb et al., [@B17]; McHugh et al., [@B23]) and more specifically, the adult-born granule cells in the dentate gyrus of the hippocampal formation (Clelland et al., [@B8]; Sahay et al., [@B34]; Nakashiba et al., [@B28]; Tronel et al., [@B40]). For example, several studies that examined context discrimination have found that ablation of adult-born neurons prior to learning prevented discrimination of similar contexts (Clelland et al., [@B8]; Sahay et al., [@B34]; Nakashiba et al., [@B28]; Tronel et al., [@B40]). Conversely, increasing adult neurogenesis resulted in enhanced context discrimination (Sahay et al., [@B34]). Interestingly, previous studies of various mouse strains have noted significant differences in basal rates of adult neurogenesis in dentate gyrus, including lower levels of neurogenesis in 129S1 mice compared to C57B6 mice (Kempermann et al., [@B16]; Kempermann and Gage, [@B15]). At present it remains unknown to what extent these differences in basal levels of neurogenesis might alter behavioral output measures in general, or whether these differences in adult neurogenesis might account for differences in context discrimination, as seen in the 129S1 and 129S6 mouse strains. In addition, it remains unknown whether strain dependent variations in survival and functional integration of adult born neurons may also play a role in learning and memory. Careful examination of strain dependent behavioral differences, similar to the current study, in conjunction with detailed cellular analysis could be used in the future to further explore the putative link between adult neurogenesis and cognitive function.

In the current study we describe significant substrain differences in aberrant generalization of fear and context discrimination but not extinction of conditioned fear. Functionally, similarities between 129S6 and 129S1 in extinction deficits may be linked to the similarities in substrain genetics absent in C57B6 mice, while differences in 129S6 and 129S1 mice in fear generalization and context discrimination may be mediated by differences in genetics between the two substrains. These similarities and differences in 129S6 and 129S1 mice may highlight important differences between two types of maladaptive fear: that associated with an inability to extinguish to a CS and that associated with an overgeneralization of fear to an US. This dissociation between maladaptive fears suggests different mechanisms and underlying genetics that give rise to these two forms of maladaptive fear. Identification of the genes and cellular mechanisms involved in the distinct forms of maladaptive fear may lead to a better understanding of their roles in trauma and anxiety-related disorders and their treatments. While the use of inbred mouse strains to model anxiety-related and trauma-related disorders is limited due to the genetic homogeny and limited behavioral variability of inbred mouse strains compared to the heterogeneity of the human population, this homogeneity can be useful in the identification of genes and mechanisms mediating specific types of behaviors (Sankoorikal et al., [@B35]). Though unable to directly model the psychiatric disorder itself, discoveries such as these can inform studies aimed at understanding specific components leading to various pathological behaviors and conditions (Mahler et al., [@B20]; Lifsted et al., [@B18]; Qi et al., [@B30]; Sankoorikal et al., [@B35]). In this way, 129S1 and 129S6 mice can function as key tools for studying the mechanisms underlying these maladaptive fears individually. Given the presumed genetic similarities of the 129S1 and 129S6 substrains (Simpson et al., [@B36]) and the divergent forms of maladaptive fear described here, we suggest that further comparison of the two substrains may reveal valuable insights into psychiatric disease states thought to be related to maladaptive fear learning and or memory.
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